Introduction
Despite significant research and a variety of interventions, in 2007 preterm birth (PTB) had reached 12.7% of all deliveries in the USA [1] . Thus, studies to identify biomarkers that can predict adverse outcomes for infants born preterm are critical [2, 3] .
In the US, 500 000 premature infants are born annually, 60 000 of which have a birth weight less than 1500 g [4] . The survival rate of premature infants has continued to improve as medical technology and care of the neonate in intensive care units has progressed [5, 6 ]. The margin of viability and the likelihood of a favorable outcome have steadily increased for infants born at 23 weeks gestational age and survival to hospital discharge for infants ranging from 23 to 26 weeks gestation is about 70% [6 ] . A significant step forward has been the development of web-based tools that allow rapid and more thorough parental counseling regarding the likelihood of survival, benefit from intensive care therapy, and likelihood of short-term and long-term complications and disabilities that relate to PTB. Physicians are encouraged to consult and use in their practice one such tool recently developed by the National Institute of Child Health and Human Development (NICHD) at www.nichd.nih.gov/neonatalestimates. established [11] , compelling evidence suggests that the poor outcome observed in many children delivered prematurely is not entirely dependent on their gestational age at birth or birth weight [6 ] . In addition to gestational age, factors such as fetal sex, exposure to antenatal corticosteroids, singleton versus high-order gestation, histological chorioamnionitis, a robust fetal inflammatory response to infection, and differences in genetic make-up should be taken into consideration [6 ,12 ,13] .
The societal burden of prematurity is underscored by the fact that medical and other supportive care expenses exceed the estimated lifetime earnings per survivor with a birth weight less than 900 g (27 weeks) [7] . Unfortunately, although a significant effort has been made to identify women at risk of PTB, the appropriate therapy still remains unknown [14, 15] . For years the attention has focused on cessation of myometrial contractions using tocolytics [16] . Regretfully, the efficacy of this approach has been disappointing and subject to powerful debate [17] as data from randomized clinical trials suggest tocolytics cannot prolong pregnancy more than 48 h [18, 19] . A small benefit, however, still remains plausible since prolongation of gestation might be beneficial (in select cases in which intrauterine infection has been ruled out) to allow administration of corticosteroids, which have been unanimously successful for prevention of several complications related to prematurity, such as respiratory distress syndrome, intraventricular hemorrhage, and necrotizing enterocolitis [6 ,16] .
Human brain development is uniquely complex and the developing brain is in particular more vulnerable to injury than the adult brain [20] . When brain growth is stopped or delayed by infection or exposure to noxious endogenous or environmental factors, virtually no potential for subsequent regeneration and repair to its preinjured state exists. This inevitably leads to fetal death in utero, or long-lasting or permanent consequences for the newborn [21] [22] [23] .
The most recent randomized trial conducted by Rouse et al. [24 ] and the Maternal Fetal Medicine Units Network proposed that fetal exposure to magnesium sulfate before early preterm delivery may reduce the rate of cerebral palsy among survivors. Although provocative, the results of this trial have generated more questions than answers given that overall magnesium sulfate did not impact the primary composite outcome of moderate or severe cerebral palsy or death. Uncovering the mechanism responsible for magnesium sulfate's selective protection of survivors of early PTB against cerebral palsy will be an important next step.
The prevalence of intra-amniotic infection and microbial diversity in preterm birth is higher than suspected clinically Worldwide, infection is the primary known causative factor of PTB [25] . Adverse pregnancy outcomes related to infection are due to a direct microbial attack on the fetus and/or activation of the myometrial contractile machinery and premature expulsion of the baby from the maternal womb [26, 27 ]. Over 30 years ago, Larsen et al. [28] provided the first evidence that intrauterine infection is an important determinant of PTB. Yet, the true involvement of infection as a disease mechanism for PTB is still difficult to determine due to the large variety of clinical indications for amniotic fluid sampling, diverse clinical indications for histological and microbiological examination of the placenta, variable gestational age at the time of evaluation, and often absence of maternal symptoms of clinical chorioamnionitis [26, [29] [30] [31] .
During the last two decades it has become clear that intraamniotic infection has a strong association with PTB [29,32 ,33-35] . Data from our studies support a causal role of infection in at least 10% of patients with preterm labor and intact membranes and 38% of patients with preterm premature rupture of membranes (PPROM) [12 ,32 ] .
A variety of microbial pathogens have been implicated as causative agents of intra-amniotic infection [36] [37] [38] . The infectious cause attendant to PTB was extensively reviewed [29, [38] [39] [40] [41] and there is consensus that the spectrum is most often polymicrobial [29, 38] . The most frequently involved pathogens are thought to originate primarily from the genital flora (Gardnerella vaginalis, Mycoplasma hominis, Ureaplasma, Peptostreptococcus, and Bacteroides species) [38, 39] . Unfortunately, at the time of this writing, confirmation of an infectious cause in both mother and the neonate is based on a limited number of laboratory techniques for cultivation and growth of the pathogens [42] . The disadvantage of using a culturebased approach for microbial identification is that only a limited number of pathogens are targeted for identification. Thus, 'uncultivated' or 'difficult-to-cultivate' bacteria cannot be found when relying on culture conditions alone [43 ,44] .
Culture-independent methods, such as PCR, can detect amniotic fluid bacterial DNA in 35-60% of pregnancies complicated by PTB [45, 46] . Using mass spectrometry technology we showed that presence in amniotic fluid of proteomic biomarkers characteristic of inflammation is not always accompanied by a positive microbial culture result [32 ] . We questioned why the difference? A recent study conducted by Han et al. [47, 48 ] provided a comprehensive and unbiased screening of the amniotic fluid bacterial diversity in pregnancies complicated by intra-amniotic infection and showed that that approximately 60% of the species detected by culture-independent methods could not be identified by culture alone [48 ] . The key finding of this study is that both uncultivated and difficult-to-cultivate species, such as Fusobacterium nucleatum, Leptotrichia/Sneathia, Bergeyella, Peptostreptococcus, Ureaplasma parvum, Bacteroides, and Clostridiales species, can be isolated from amniotic fluid of women with proteomic biomarkers characteristic of intra-amniotic inflammation even in the absence of a positive microbial culture [48 ] . This suggests that in pregnancies complicated by PTB both the prevalence of amniotic fluid infection and microbial diversity is underestimated.
Neonatal sepsis is a major cause of morbidity and mortality in the newborn
Intrauterine infection and subsequent inflammation contributes disproportionately to neonatal mortality and morbidity when adjusted for gestational age at delivery [23, 49, 50] . Both early-onset and late-onset sepsis occur with increased frequency in premature neonates [50, [51] [52] [53] [54] . Importantly, intrauterine infection is a risk factor for early-onset neonatal sepsis (EONS), which is defined as confirmed or suspected sepsis in the first 72 h postdelivery [32 ] . In statistics published by Yale-New Haven Hospital, which has the longest running, single-center database of neonatal sepsis started in 1928, mortality attributable to sepsis remains at 11% despite advances in neonatal care [36] .
Antibiotics are routinely used antepartum and postpartum to decrease the risk of neonatal group B streptococcal (GBS) infections and reduce the risk of neonatal illness following delivery [55] [56] [57] [58] . There is a widely held view that the widespread use of antibiotics to either prolong pregnancy or prevent GBS sepsis has led to a shift in pathogens with the majority of EONS now caused by Gram-negative bacteria, with Escherichia coli as the most frequent pathogen, rather than by Gram-positive species (i.e. GBS) [50, 51] . Not surprisingly, there is concern that increased use of antibiotics may further change the diversity of microbes in EONS, increasing the diagnostic challenges [59] . A positive blood or other body fluid culture is regarded as the gold standard for diagnosing sepsis. Unfortunately, a positive culture ranges from 8 to 73% in the diagnosis of suspected neonatal sepsis [12 ,32 ,60] . Furthermore, the clinical symptoms of EONS are nonspecific and often manifest in the absence of a positive culture. There are several explanations for why it is difficult to diagnose EONS. One obstacle is related to the narrow spectrum of pathogens looked for in the microbiology laboratory. For example, searching for Ureaplasma and Mycoplasma species is not a routine practice in neonates who have a microbiological workup for sepsis, and yet a recent study by Goldenberg et al. [61 ] to evaluate the frequency of umbilical cord blood infections with these species in PTBs at 23-32 weeks found that 23% of the blood cultures proved positive for one of these pathogens. These results may thus explain why neonates can manifest clinical symptoms or have hematological indices suggestive of EONS in the absence of positive microbial culture results [12 ,62,63] . It is also plausible that, analogous to intra-amniotic inflammation, 'uncultivated' and 'difficult-to-cultivate' species are responsible for fetal and neonatal sepsis as well. Data supporting this premise have shown that 16S-rDNA PCR technology can improve the accuracy of culture-based methods for diagnosis of neonatal sepsis [64] .
The recent analysis of childhood outcomes of the ORA-CLE I and II clinical trials [57, 58] showed that antibiotics given to women in threatened preterm labor increased the risk of cerebral palsy and thus generated major clinical concern [65 ] . The reason antibiotics do not decrease cerebral palsy as would be expected if pathogens are causative agents of PTB is unknown. Our proposed explanation for this finding is that antibiotics can kill the microbes but do not curtail the inflammatory process underway and specifically antibiotics do not destroy the bacterial wall pathogen-associated molecular pattern molecules (PAMPs). We propose that these bacterial PAMPs continue to engage Toll-like receptors (TLRs), participate in the release of cellular endogenous danger signal molecules, and perpetuate the inflammatory cascade leading to brain cell damage even after antibiotic treatment. Therefore, there is much interest in identifying markers and biomarkers that can reliably predict sepsis in the neonate [59] .
Proteomics, general principles
Recent advances in basic sciences are transforming medical research and offer the promise of answering many of the questions related to human diseases, including accurate diagnosis of EONS. Proteomics is the study of expressed proteins and, as such, is much more clinically relevant and easier to translate into diagnostic tools and therapeutical strategies than genomics, which studies DNA [66, 67 ] . For a comprehensive review of the proteomic technology, principles, and data analysis the reader is referred to several review articles on this subject [67 ,68 ,69-71] .
Proteomic profiling of amniotic fluid reveals a set of biomarkers characteristic of intraamniotic inflammation, histological chorioamnionitis, and funisitis A comprehensive mapping of the amniotic fluid proteome was provided by Tsangaris et al. [72] , and a comparative proteomic analysis of human maternal plasma and amniotic fluid to identify protein biomarkers predicting PPROM was reported by Michel et al. [73] . In recent years, proteomics also has been extensively used to search for biologically relevant biomarkers to generate protein profiles characteristic of intra-amniotic inflammation [32 ,74-79,80] . Almost 99% of the neutrophils identified in the amniotic fluid are of fetal origin [81] . Thus, the amniotic fluid proteome reflects closely the fetal inflammatory response to intra-amniotic infection. These studies were sparked by the clinical observation that although inflammatory intrauterine processes adversely affect the fetus prior to birth [54, [82] [83] [84] [85] , neither the biophysical profile nor evaluation of the fetal heart rate reliably provides early identification of the sick fetuses and need for immediate delivery [86] [87] [88] .
A vast amount of information is generated in a typical clinical proteomics study but only a fraction of this is ultimately biologically relevant. Surface-enhanced laser desorbtion ionization-time of flight (SELDI-TOF) outputs are Cartesian sequences of numbers with molecular weight [in fact mass-to-charge (m/z) ratio] on the X-axis and normalized peak intensity on the Y-axis. For instance a reading of one spot on a Protein Chip array generates about 20 000 data points. To analyze proteomics data from SELDI-TOF outputs, our group devised a novel, stepwise strategy to extract relevant proteomic biomarkers characteristic for intra-amniotic inflammation on the basis of filter preferences applied sequentially [74] . This strategy was named mass restricted (MR) scoring [74] . The goal of MR scoring was to reduce the proteomics information into a numeric variable that characterizes each sample, could be prospectively tested and compared to other diagnostic modalities using standard statistical methods, and could be directly related to outcomes. We used four peaks (and thus the proteins they represent) to devise our MR score, which ranges from 0 to 4 depending on the presence or absence of each of these 4 biomarkers. In the original study, an MR score of 3-4 indicated the presence of inflammation and a score of 0-2 was considered to exclude it [74] (Fig. 1a) . Although the presence or absence of these four biomarkers was adequate and sufficient for a diagnosis of intra-amniotic inflammation, a better comprehension of the pathophysiology of the inflammatory process required identification of the corresponding proteins. On-chip immunoassays and peptide mass fingerprinting, confirmed by Western blotting, established that the four biomarkers were neutrophil defensin-2, neutrophil defensin-1, S100A12 (calgranulin C), and A100A8 (calgranulin A), all members of the innate immunity arm of antimicrobial defense [89] .
Two other independent studies applied SELDI-TOF and a variety of proteomics validation tools (gel electrophoresis, tandem mass spectrometry, and Western blotting) to identify biomarkers characteristic of intra-amniotic inflammation [78, 79] . Gravett et al. [78] identified S100A9 (calgranulin-B), a unique fragment of insulin-like growth factor-binding protein 1 (IGFBP-1) , and several immunoregulator proteins as biomarkers characteristic of intra-amniotic infection. Similarly, Ruetschi et al. [79] reported that human neutrophil defensins 1-3 and S100A12 and S100A9 proteins are part of the amniotic fluid fingerprint characteristic of intra-amniotic inflammation and/or infection.
We next validated prospectively the clinical utility of the MR score in predicting PTB and neonatal sepsis in a cohort of 169 consecutive women with singleton pregnancies [32 ]. An MR score 3-4 had the highest accuracy (92.6%) in diagnosing intra-amniotic inflammation and was significantly better than white blood cell (WBC) count or interleukin (IL)-6 [32 ] . This is not surprising given that amniotic fluid WBCs are frequently destroyed by invading bacteria.
The value of these studies extends beyond the diagnostic impact of the MR score. We observed a sequential appearance of the biomarkers as the process of intraamniotic inflammation developed from acute to chronic, with S100A12 and S100A8 appearing last. This finding enabled us to stratify the study population on the basis of the severity of inflammation (MR 0, absent; MR 1-2, mild; MR 3-4, severe) (Fig. 1b) . Presence in the amniotic fluid of S100A12 [EN-RAGE, ligand for the advanced glycation end products (RAGE) receptor] [90 ] had the strongest correlation with stage III chorioamnionitis [91] and funisitis [92] . Detection of monomeric S100A8 (calgranulin A) in the amniotic fluid was associated with EONS [92] . This classification would not be possible on the basis of receiver-operating curves for glucose, WBC count, IL-6, or matrix metalloprotease (MMP)-8 levels which do not consistently concord in discriminating 'diseased' versus 'nondiseased' cases [32 ] . Second, these findings are important because the biomarkers comprising the MR score have a unique ability to predict in utero clinically relevant histological chorioamnionitis [91] and funisitis, which are known risk factors for sepsis and poor neonatal outcome [93, 94] . Presence of the 'alarmins' S100A12 and S100A8 in the amniotic fluid of pregnancies complicated by intra-amniotic infection and/ or inflammation pointed our attention toward their potential involvement as mediators of fetal inflammatory damage and to the opportunity to employ targeted therapeutic interventions to reverse the process [12 ,95] .
Proteomic profiling of amniotic fluid predicts early-onset neonatal sepsis
We further sought to provide direct insight into the relationship between the presence of amniotic fluid biomarkers characteristic of inflammation and fetal inflammatory status at birth [12 ] . In a recent study we showed that premature infants delivered by mothers with MR score 3-4 had higher umbilical cord IL-6 as compared to neonates delivered by mothers with absent or mild inflammation (Fig. 2) [12 ] . The combination of gestational age and presence of S100A12 and S100A8 in amniotic fluid significantly predicted neonatal neurodevelopmental impairment in our preliminary analysis [12 ] . Presence of S100A12 and S100A8 in amniotic fluid resulted in a 5.3-fold increase in odds ratio for neurodevelopmental injury at 18-22 months corrected age (Buhimschi et al., unpublished data). Interestingly, there were no significant differences in birth weight, amniotic fluid, or cord blood IL-6 levels between the infants with and without neurodevelopmental damage. The lack of differences in cord blood IL-6 levels suggests that evaluation of acute-phase response reactants such as IL-6 is not sufficient to predict which neonates will suffer from irreversible injury. Rather, evaluating oxidative insult [96] or other markers of fetal injury (S100B proteins) may be more informative [97] . The model of fetal inflammatory response to infection needs a fundamental revision since evidence is mounting that chronic rather than acute endogenous inducers of inflammation are more The gestational age at delivery for the cohort was median (range) 29 (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) weeks and birth weight 1373 (536-2980) grams. The mass restricted (MR) score ranges from 0 to 4. MR score 0 indicates 'no' inflammation; MR score 1-2 indicates 'minimal' inflammation; MR score 3-4 indicates 'severe' inflammation. Data are presented in logarithmic format (pg ¼ picograms; ml ¼ milliliters). Originally published in [12 ] . Reproduced with permission from Blackwell Publishing.
likely to be responsible for tissue injury and poor clinical outcome of the neonate [89] . Our proposed working model of the pathogenic mechanisms leading to fetal damage in presented in Fig. 3 .
By using a variety of SELDI Protein Chip arrays, Dammann et al. [98] showed that dried neonatal blood reveals profiles similar those derived from serum at a mass molecular range of 3-10 kDa. This study is important because it demonstrates that SELDI-TOF technology carries the attributes to allow a direct, rapid, and reliable identification of proteomic biomarkers directly from small amounts of neonatal blood.
Fetal systemic and central nervous system inflammation are critical to the genesis of brain injury in the neonate [99] . In humans, extremely low-birth weight infants with sepsis are more likely to have adverse neurodevelopmental outcomes, and a link among sepsis, brain injury, and adverse outcomes has long been proposed [100] . The mechanisms mediating periventricular leukomalacia in preterm infants with sepsis are postulated to include injury to preoligodendrocytes induced by free radicals, reactive oxygen species (ROS), and inflammatory cytokines [100] . Injuries to endothelial cells induced by similar mechanisms add to the damage, leading to multisystemic organ dysfunction [101] . Given the large spectrum of signaling pathways and physiological responses to sepsis, the fetal brain proteomic database assembled by Fountoulakis et al. [102] represents a valuable addition to basic and clinical research. Over 1700 proteins, products of 437 different genes were identified. Most of the identified proteins are enzyme subunits and are mainly localized in cytosol and mitochondria. The most frequently identified proteins were heat shock proteins, house-keeping enzymes, and structural proteins such as tubulin chains. Seven gene products were identified for the first time in the fetal brain. The next step is to identify the biomarker sets that can provide better insight into the molecular mechanisms responsible for the defense immune function of the fetus and carry a useful diagnostic predictive value for brain injury. Functional analyses and logical interpretation of results using regulatory proteomic networks will be necessary to allow development of a novel fetal inflammatory response classification system based on unbiased discoveries [27 ] .
Conclusion
The process leading to fetal sepsis and damage in utero remains incompletely understood. Neither surrogate indicators of fetal exposure to acute inflammation (clinical chorioamnionitis) nor direct proof of exposure (umbilical cord IL-6, histological chorioamnionitis) can predict long-term adverse neurodevelopmental outcomes. The most recent advancements in proteomics lead to the discovery that the S100 proteins (calgranulins) may play a critical role in protecting the fetus. This finding advises that the model of fetal origin and physiological role of inflammation in response to infection needs to be revised. Mounting evidence suggests that the course of an inflammatory response is not entirely dependent on acute-phase reactants (IL-6) or pathogenassociated molecular patterns (PAMPs), but also on intracellular 'alarmins' known as damage-associated molecular patterns (DAMPs), which includes highmobility group box-1 protein (HMGB1), heat shock proteins, altered matrix proteins, and S100 proteins. They represent important danger signals that mediate inflammatory responses through TLRs and importantly through RAGE. It is recognized that DAMPs mediate the late response to infection. On the basis of our proteomic discoveries we propose that the chronic and not the acute phase of the fetal inflammatory response is maladaptive for the fetus, as exemplified by release of DAMPs. Expanding the list of chronic 'stress' cellular protein biomarkers to change fetal outcome is difficult. Yet, there is hope that proteomics can successfully respond to this challenge by the ability to provide insight into molecular targets which could not have been envisioned through hypothesis-driven approaches. Fetal cellular damage
RAGE activation
DAMPs, damage-associated molecular patterns; TLR, Toll-like receptor.
